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@ The inventive method of producing optical fiber 
comprises producing a rod-like silica-based body, 
overcladding the body with pre-existing silica-based 
glass, and drawing fiber from the thus produced 
preform. The rod-like body comprises a core (10) 
and a first cladding (11) that surrounds the core, 
both consisting of deposited glass, and further com- 
prises a second cladding (e.g.. 12) that surrounds 
the first cladding and that is derived from a substrate 
tube that has a refractive index n2 < n^. the refrac- 
tive index of vitreous silica. The overcladding (e.g.. 
13) comprises pre-existing glass, and comprises a 
third cladding region that has a refractive index ns ^. 
no. Typically, the overcladding material is derived 
from one or more overcladding tubes. The inventive 
method can be used to produce preforms capable of 
yielding more fiber than prior art rod-in-tube 
preforms, potentially resulting in significant cost re- 
duction without performance penalties. A variety of 
advantageous embodiments of the inventive meth- 
ods, as well as of fiber produced by the method, are 
disclosed. 
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METHOD OF PRODUCING OPTICAL FIBER, AND FIBER PRODUCED BY THE METHOD 



Field of the Invention 

This invention pertains to the field of optical 
fiber. 

Ba ckground of the Invention 

Optical fiber for long-haul communications has 
reached a remarkable state of perfection. For in- 
stance, single mode fibers having loss of about 
0.20 db/km are routinely being produced. Never- 
theless, there is still great interest in further reduc- 
ing the signal loss, since even a reduction as small 
as 0.01 db/km can translate into a significant in- 
crease in the permitted distance between repeat- 
ers. This in turn can translate into a significant 
difference in system cost, especially for transmis- 
sion systems such as transoceanic fiber optic sys- 
tems that, by necessity, have to employ highly 
complex (and thus costly) repeaters. 

A related aspect is the need to reduce system 
cost through reduction of fiber cost. For instance. If 
the length of fiber drawn from a preform can be 
increased substantially, without proportional in- 
crease In the cost of producing the preform, then a 
substantial reduction in fiber cost will generally 
result. 

As is well known, the optically active part of an 
optical fiber (i.e., the core and the surrounding 
"deposited" cladding) generally consists of glass 
that is synthesized in a giass-forming reaction and 
deposited on a substrate. See, for instance. U.S. 
patent 4,691,990. 

There are currently two categories of methods 
for producing the optically active portion of optical 
fiber in commercial use. One category comprises 
the so-called outside processes (OVD and VAD), 
and the other the so-called "inside" processes 
(MCVD and PCVD). This application pertains pri- 
marily to the fiber produced by the latter pro- 
cesses, although the invention can also be prac- 
ticed with at least some variants of outside pro- 
cesses. 

As is well known, in the inside processes the 
glass-forming reaction is caused to take place in- 
side a silica-based tube (generally referred to as 
the "substrate" tube) and the resulting glassy reac- 
tion product is caused to be deposited on the 
inside wall of the substrate tube. 

A major component of the cost of producing 
optical fiber is the cost of depositing the core and 
deposited cladding material, collectively to be re- 
ferred to as the "deposited" glass. Thus, it would 
be desirable to be able to draw more fiber from a 
given preform without, at the same time, propor- 



tionately increasing the deposition time. 

Artisans know some methods that can be used 
to decrease the percentage of deposited glass in a 
fiber, without incurring a substantial loss penalty. 

5 The discussion will be in terms of a widely used, 
commercially available single mode fiber design 
which is schematically shown in FIG. 1. 

The inner portion of the fiber (consisting of in 
situ-produced deposited silica-based glass) con- 

10 sists of core 10 (effective refractive index nc. effec- 
tive diameter d), surrounded by first cladding re- 
gion 11 (effective refractive index ni. effective out- 
er diameter D). Typically, nc > no, and ni < no. 
where no is the refractive index of nominally pure 

75 vitreous silica. As will be readiiy appreciated, re- 
fractive indices are compared at a given 
wavelength, e.g., the intended operating 
wavelength of the fiber. 

FIG. 1 also shows second cladding region 12 

20 (outer diameter Do, refractive index m = no) that 
generally consists of glass derived from the sub- 
strate tube and that surrounds the inner portion of 
the fiber. Typically, for low loss fibers D/d has to 
be at least about 5, due in part to the relatively 

25 high loss of available silica glass tubes but, typi- 
cally more importantly, due to unacceptably high 
macrobending losses that could occur (for designs 
having relative large index differences) for D/d S 
5.0. It is to be noted that macrobending losses can 

30 occur due to the existence of the index step be- 
tween the first and second cladding regions, and 
could occur even if the material of the second 
cladding region had very low loss. The fiber diam- 
eter (Do) is such that OJd is about 15, D/d is 

35 between about 5.5 and about 6.5, resulting in a 
fiber in which typically about 19% of the total 
volume is deposited glass. 

More fiber per preform could be obtained if 
more glass were deposited and a thicker substrate 

40 tube were used. However, this generally is not 

feasible when an inside deposition process is used, ■ 
since a thick substrate tube typically would have 
too much thermal impedance and make it difficult 
to sustain the glass-forming reaction inside the 
45 tube with a conventional outside heat source and to 
subsequently collapse the tube to a rod. Further- 
more, the time required for deposition would in- / 
crease, limiting any potential improvement in eco- 
nomics. 

50 In order to overcome this limitation it has been 

proposed that an appropriately scaled-up amount 
of deposited glass be synthesized inside a stan- 
dard silica tube, the tube be collapsed, and the 
thus produced rod-like glass body be overclad by 
shrinking a silica tube around the body. Exemplar- 
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ily. for D/d of 5.5 and Do/d of about 15, in the so- 
called "rod-in-tube" process about 13% of the total 
fiber would be deposited glass. 40% would be 
derived from the substrate tube, and about 47% 
from the overclad tube. If a constant value of D/d is 5 
maintained by an increase in the amount of ma- 
terial deposited onto the substrate tube, the use of 
an overclad (as In the rod-in-tube process, or pro- 
duced by any other overcladding technique) gen- 
erally does not materially reduce the percentage of io 
deposited glass in a fiber. However, it can lead to 
somewhat reduced fiber costs due to decreased 
set-up time per unit length of fiber, and has the 
benefits associated with longer continuous lengths 
of fiber from a larger preform, including the pos- 75 
sibility of using higher draw speeds. 

The above cited '990 patent discloses an ap- 
proach that can be used to reduce the percentage 
of deposited glass in a silica-based fiber. FIG. 2 
schematically depicts an exemplary index profile of 20 
fiber according to the '990 patent, wherein n2 < Hq 
(typically n? - ni). Due to favorable macro-bending 
characteristics of such a fiber design, it is possible 
to reduce D/d to a value beiow the 5.5-6.5 range 
without incurring significant loss penalties. If the 25 
material of the second cladding region (12) has 
relatively low loss, it is possible to reduce D/d to 
about 3. Low loss down-doped silica tubes are 
becoming available nov/. Exemplarily, for D/d = 3 
and Do/d = 15, only 4% of the fiber would be 3Q 
deposited glass, the remainder being tube-derived 
glass. However, the design typically would not 
have all the propagation advantages of the de- 
pressed cladding design of FIG. 1. and would re- 
quire low draw speeds to minimize the stress in the 35 
core. 

In view of the commercial significance of im- 
proved methods of optical fiber manufacture, a 
method that can increase the amount of fiber that 
can be drawn from a preform, and/or that can result 40 
in fiber having lower loss, would be of great inter- 
est. This application discloses such a method, as 
well as the novel optical fibers produced by the 
Inventive method. 

45 

Summary of the Invention 



In a broad aspect the invention Is a method of 
making optical fiber that can result in improved 
(including lower cost) fiber, and novel fibers pro- so 
duced by the method, as defined by the claims. 

More particularly, the inventive method com- 
prises making a rod-like silica-based (typically 
more than about 80% b.w. silica) body, overclad- 
ding the body with pre-existing silica-based glass, 55 
and drawing fiber from the liius produced preform. 

The rod-like body comprises an inner portion 
that comprises silica-based glass that is produced 
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in situ by means of a glass-forming reaction. The 
inner portion comprises a core region having a 
relatively large (relative to ni) effective refractive 
index nc and an effective diameter d. The core 
index typically is greater than or approximately 
equal to no (nc ^ no), where "approximately equal 
to" is intended to include the case of nc slightly 
less than n©. due to down-doping of the core. In 
general, herein we mean that a first refractive index 
is approximately (or substantially) equal to a sec- 
ond refractive index if the normalized difference 
between the two indices is less than about 0.04% 

The inner portion further comprises a first clad- 
ding region that contactingly surrounds the core 
region and has an effective refractive index ni and 
an effective outer diameter D. with ni < no- 

The rod-like body further comprises a second 
cladding region, of outer diameter D* and having a 
refractive index 02 < no (advantageously n2 is 
equal to. or approximately equal to. ni; the ab- 
solute value of (n2-ni)/n2 advantageously is less 
than about 0.04%). The second cladding region 
contactingly surrounds the inner portion and com- 
prises pre-exisung silica-based glass, typically be- 
ing derived from a F-doped silica substrate tube. 
The doping of the tube advantageously is such that 

Ho 

0.03%. The overcladding material contactingly sur- 
rounds the rod-like body, has an outer diameter Do, 
and comprises a third cladding region that has a 
refractive index na < no, with n2 < na- Typically, U2 
< n3. 

Typically at least a portion of the overcladding 
is derived from one or more silica-based overclad- 
ding tubes that is (are) collapsed onto the rod-like 
body. Optionally, all or part of the overcladding 
material can be formed by adhering pre-existing 
glass particles to the rod-like body, or to overclad- 
ding material that was previously collapsed around 
the body, such that a dense glass layer results. 

Optical fiber according to the invention thus j 
comprises a cladding region (the second cladding 
region) that is derived from a down-doped sub- 
strate tube, and further comprises overcladding 
material that surrounds the second cladding region 
and is derived from pre-existing glass, exemplarily 
a silica glass tube. At least a part of the overclad- . ^ 
ding material has a refractive index that is less than 
or essentially equal to that of pure silica glass. 
Such fiber can offer significant advantages, includ- 
ing significantly lower cost, as compared to prior 
art fiber, including prior art fiber produced by the 
known rod-in-tube process. Typically, in fiber ac- 
cording to the invention D/d is less than 5. typically 
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in the range -2-4. and DVd typically is in the range 
4-10 (with D* >D). 

Brief Description of the Drawings 

FTGS. 1 and 2~schematica!ly depict prior art 
optical fiber refractive index profiles; and 
FIGS. 3-6 schematically show exemplary refrac- 
tive index profiles of fiber according to the in- 
vention. 

Analogous features in different figures are iden- 
tified by like numerals. 

No attempt has been made to depict true size or 
proportions. 

Detailed Description of Some Exemplary Em- 
bodiments 

The description of the inventive method will be 
generally in terms of a silica-based rod-like glass 
body produced conventionally by MCVD. However, 
the inventive method is not so limited. For instance, 
the method can be readily practiced with bodies 
produced by a method that comprises another in- 
side deposition process (e.g., PCVD), or an outside 
deposition process (e.g., VAD or OVD). provided 
only that the body consists of deposited glass that 
is surrounded by down-doped pre- 
existing glass. FIG. 3 schematically depicts the 
refractive index profile of an exemplary fiber ac- 
cording to tfie invention. Core 10 and first cladding 
11 consist of deposited silica-based glass and are 
surrounded by second cladding 12. The second 
cladding in turn is contactingly surrounded by third 
cladding 13 (outer diameter Do; refractive index ns 
exemplarily, but not necessarily, equal to no). In 
order to avoid significant macrobending losses, 
DVd typically is about 5.0 or larger. Exemplarily, if 
D/d = 2.7 and DJd = 15, only about 3% of the 
fiber is deposited glass, about 8% is down-doped 
second cladding material, the remainder being 
overcladding material. 

Exemplarily, the invention is embodied in op- 
tical fiber whose core and first cladding material is 
produced by an inside deposition process (e.g., 
MCVD), whose second cladding is derived from the 
substrate tube, and the overcladding is derived 
from one or more overcladding tubes, with the 
normalized refractive index difference between n2 
and the refractive index of at least one of the 
overcladding tubes being at least about 0.04% in 
magnitude. D/d of the fiber is less than 5. The 
overcladding of the exemplary fiber typically com- 
prises a third cladding region having refractive in- 
dex ns, with the indices selected such that n^ ni 
and n2, nc ^ no, no > ni and n2, n-, ~ n^, and ns ^ 
no- Furthermore, (n3-n2)/n2 > 0.04%. Typically, the 
substrate tube is a F-doped synthetic silica tube. If 
the overcladding is derived from a single overclad- 
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ding tube, then the overcladding tube typically is 
an undoped silica tube. If. on the other hand, the 
overcladding is derived from a multiplicity of over- 
cladding tubes, then typically at least one of the 

5 overcladding tubes is a F-doped silica tube. 

Fiber according to the invention, exemplified 
by the fiber of FIG. 3, can be produced as follows. 
A rod-like glass body that comprises the core and 
first and second cladding regions is produced in 

10 conventional fashion. The second cladding material 
typically is derived from a down-doped silica tube, 
preferably a tube consisting of F-doped synthetic 
silica (by "synthetic" silica we mean vitreous silica 
that is produced by reacting precursor compounds, 

75 e.g.. SiCU and Oa. The reaction exemplarily is a 
high temperature gas phase reaction or a soi/gel- 
type reaction). The rod-like glass body is overclad 
with silica-based overcladding material, typically a 
silica tube, although overcladding by high tempera- 

20 ture deposition of silica particles (exemplarily sub- 
stantially in the manner disclosed in US patent 
4.767,429) is also contemplated. Fiber can be 
drawn in conventional manner from the thus pro- 
duced preform. 

25 The inventive method (exemplarily applied to a 

fiber design in which DVd is required to be greater 
than a certain value, e.g.. 5) can be readily used to 
produce relatively massive preforms that can yield 
substantially more fiber than prior art preforms. 

30 including prior art overclad preforms. For instance, 
using conventional MCVD deposition lathes, it is 
possible to produce preforms that can yield more 
than 3 and even 5 times the length of fiber typically 
yielded by analogous prior art overclad preforms. 

35 The invention can be embodied in a variety of 

fiber designs. An exemplary profile is shown in 
FIG. 4, wherein region 40 is a refractive index 
"trench" of the type disclosed in US patent 
4.852.968. As discussed in that patent, such a 

40 trench can be advantageously used to tune one or 
more of the fiber characteristics. A preform of the 
type shown in FIG. 4 can be produced by any 
appropriate variation of the basic inventive method. 
For instance, the rod-like body can be overclad first 

45 with "trench" material (e.g.. by shrinking a thin- 
walled, heavily F-doped silica tube around the 
body, or by depositing F-doped silica onto the 
body), followed by overcladding of the body with 
the material of third cladding region 13. 

50 A refractive index trench could also be pro- 

duced by use of a down-doped substrate tube 
which comprises a more heavily down-doped re- 
gion. A silica-based tube having radially non-uni- 
form refractive index profile can be produced by 

55 forming a synthetic annular cylinder having a radi- 
ally non-uniform profile, and drawing tubes from 
the cylinder in a known manner or, preferably, by 
forming an intermediate down-doped silica annular 

4 
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cylinder having a uniform refractive index, and 
shrinking a more heavily down-doped siiica annular 
cylinder onto the intermediate cylinder. 

Of course, the trench need not be positioned 
between 12 and 13 but instead can be positioned 
wherever desired. For instance, a trench could be 
placed between 11 and 12, exemplarily by starting 
the glass deposition with heavily F-doped material, 
followed by less heavily F-doped first cladding 
material. The placement of a trench between 11 
and 12 can result in improved confinement of the 
guided radiation to the core and the first cladding 
region, whereby fiber loss can be reduced. 

As is well known, it is advantageous to provide 
a relatively lightly doped (or even undoped) core, 
since such a core typically has lower optical at- 
tenuation. However, prior art fibers with such a core 
are difficult to produce, due to the relatively high 
viscosity of the core region at the draw tempera- 
ture, and the typically low viscosity of the heavily 
down-doped cladding material. Because of the dif- 
ference in viscosity at the draw temperature be- 
tween core and cladding material, a large portion of 
the draw load has to be sustained by the very thin 
core region, requiring use of a relatively high draw 
temperature and/or low draw speed. It is also 
known that at least for Ge-doped silica, high tem- 
perature process steps seem to be associated with 
some added loss, as compared to such material 
processed at lower temperature. 

The above described problem can be over- 
come by fiber according to the invention, and FIG. 
5 schematically shows the refractive Index profile 
of an exemplary fiber that can accomplish this. The 
effective core index nc is approximately equal to no- 
The second cladding region 12 is surrounded by 
an additional down-doped cladding region 50 which 
in turn is surrounded by an undoped region 51. 
Exemplarily. D/d is 2.7, DVd is 5.5, D'Vd is 11. and 
Do/d is 15. resulting in a fiber in which about 3% of 
the glass is deposited glass, and wherein about 
47% of the glass is essentially undoped silica. This 
substantial fraction of the total volume (desirably 
more than about five times the volume of core 
material) serves as a load-bearing region during 
fiber drawing, making possible lower draw tempera- 
ture and/or higher draw speed. 

A still further exemplary embodiment of the 
invention is shown In FIG. 6. wherein cladding 
region 51 is surrounded by a further doped clad- 
ding region 60. exemplarily having a refractive in- 
dex ^ o. and having viscosity lower than that of 
silica. Exemplarily. region 60 is phosphorus or bo- 
ron doped. Region 50 is optional. The presence of 
a doped outermost cladding layer can result in 
increased proof test yield, due to the crack healing 
ability of relatively low viscosity doped silica. 

Example 1: An optical fiber having a refractive 



index profile* of the type shown In FIG. 3 was 
produced as follows. A F-doped silica tube 
(refractive index na. where (no-n2)/no = 0.1%. out- 
side diameter 25 mm, inside diameter 21 mm) was 
5 mounted in standard MCVD deposition apparatus, 
and a multiplicity of layers of F-doped silica layers 
deposited, followed by a further multiplicity of light- 
ly Ge-doped siiica layers. The F-doping level was 
chosen to result in a refractive index (ni) substan- 
70 tially equal to that of the substrate tube (na), and 
the numbers of F-doped and Ge-doped silica lay- 
ers were chosen to result in D/d of about 3.3. After 
completion of the deposition the tube was col- 
lapsed into a rod of about 15 mm diameter. Both 
75 deposition and collapse were by conventional tech- 
niques well known in the optical fiber art. Subse- 
quently the outside of the rod was fire polished, the 
rod was inserted into a (not intentionally doped) 
silica tube of 40 mm outside diameter and 17 mm 
20 inside diameter, and the tube shrunk onto the rod 
by a conventional technique. From the thus pro- 
duced optical fiber preform substantially more than 
50 km of single mode optical fiber were drawn at a 
speed greater than 5 m/sec. The fiber had a diam- 
25 eter of 125 ^m, Do/d of 15, DVd of 6, and D/d of 
3.3, and had a macrobending loss that did not 
significantly differ from that of a commercially 
available fiber that has D/d of about 5.5. and which 
has essentially the same value of An as the inven- 
50 tive fiber. 

Example 2: An optical fiber having an index 
profile substantially as shown in FIG. 5 is produced 
substantially as described in Example 1. except 
that, after collapse of the substrate tube, a down- 
35 doped silica tube (corresponding to region 50; the 
tube having n'2 ~ n2, outside diameter 36 mm. 
inside diameter 19 mm) is shrunk over the rod, and 
a further silica tube (not intentionally doped, diam- 
eters 49 by 37 mm) is shrunk thereon. Fiber is 
40 drawn from the thus produced preform at a draw 
temperature of about 2200 "C at a speed that is 
higher than that which could be used to draw fiber 
from a preform that differs from the instant preform 
only in that ns = n*2. The fiber has D/d of 2.7, DVd 
45 of 5.5, D'Vd of 1 1. and Do/d of 15. 

Example 3: An optical fiber having an index 
profile substantially as shown in FIG. 6 is produced 
substantially as described in Example 2. except 
that a P-doped silica tube (corresponding to region 
50 60) is shrunk over the pure silica region 51. The 

resulting fiber has high proof-test yield, due at least . ^ 
in part to the crack healing ability of doped region 
60. 

55 Claims 

1. Method of producing an optical fiber, the meth- 
od comprising 
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a) making a rod-like silica-based body com- 7. 
prising 

i) an inner portion of diameter D that 
comprises silica-based glass produced in 

situ by means of a glass-forming reaction 5 
and that comprises a core region (1 0) of 
relatively large effective refractive index 8. 
(He) and having an effective diameter d. 
and that further comprises a first clad- 
ding region (11) that contactingly sur- 
rounds the core region and has a rela- 
tively small refractive index ni, with ni < 
no., where n© is the refractive index of 
pure vitreous silica; and further compris- 
ing '5 

ii) a second cladding region (12). of outer 
diameter D' and having a refractive index 
no < Ho. that contactingly surrounds the 
inner portion and comprising pre-existing 
silica-based glass; and 20 

b) drawing optical fiber from the body; 
CHARACTERIZED IN THAT the method fur- 
ther comprises 

c) overcladding, prior to b), the body with 
pre-existing silica-based glass, the overclad- 
ding (e.g., 13) contactingly surrounding the 
body and having an outer diameter Do, the 
overcladding comprising a third cladding re- 
gion having a refractive index ns, with nz ^ 
na S no. 30 



25 



Method of claim 6, comprising selecting the 
refractive indices such that Hc > ni, n2; nc a no; 
Ho > ni, n2; ni " 02; ng ^ no; (n3-n2)/n2 
>0.04%; where no is the refractive index of 
vitreous silica. 

The method of any of claims 1-5 wherein the 
pre-existing silica-based glass of the second 
cladding region Is derived from a fluorine-dop- 
ed substrate tube. 



2. Method of claim 1. wherein D/d is less than 5. 



Method of claim 2, wherein ns " no. wherein 
the cross-sectional area of the third cladding 35 
region is at least 5 times that of the core 
region, and wherein nc " n©. 



4. Method of claim 3, wherein the overcladding 
comprises a fourth cladding region (e.g., 60) 
comprising doped silica having a viscosity that 
is less than that of pure silica, the fourth clad- 
ding region being the outermost region of the 
body. 

5. Method of claim 1. wherein the method com- 
prises forming an index trench (e.g.. 40) having 
a refractive index nt < ni and an inner diam- 
eter that is greater than or equal to d. 



40 



45 



50 



6. Method of any of claims 1-5, wherein the over- 
cladding material is derived from one or more 
overcladding tubes, with the normalized refrac- 
tive index difference between n2 and the re- 
fractive index of at least one of the overciad- 55 
ding tubes being at least about 0.04% in mag- 
nitude; and wherein D/d is less than 5. 
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@ The inventive method of producing optical fiber 
comprises producing a rod-like silica-based body, 
overciadding the body with pre-existing silica-based 
glass, and drawing fiber from the thus produced 
preform. The rod-like body comprises a core (10) 
and a first cladding (11) that surrounds the core, 
both consisting of deposited glass, and further com- 
prises a second cladding (e.g., 12) that surrounds 
the first cladding and that is derived from a substrate 
tube that has a refractive index n2 < Hq, the refrac- 
tive index of vitreous silica. The overciadding (e.g., 



na 3 



13) comprises pre-existing glass, and comprises a 
third cladding region that has a refractive index na 
no. Typically, the overciadding material is derived 
from one or more overciadding tubes. The inventive 
method can be used to produce preforms capable of 
yielding more fiber than prior art rod-in-tube 
preforms, potentially resulting in significant cost re- 
duction without performance penalties. A variety of 
advantageous embodiments of the inventive meth- 
ods, as well as of fiber produced by the method, are 
disclosed. 
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